Eur. Phys. J. C (2018) 78:1024
https://doi.org/10.1140/epjc/s10052-018-6481-x

THE EUROPEAN

) CrossMark
PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

Weak decays of doubly heavy baryons: W-exchange

Qi-An Zhang'22

! Institute of High Energy Physics, Chinese Academy of Science, Beijing 100049, China
2 School of Physics, University of Chinese Academy of Sciences, Beijing 100049, China

Received: 7 November 2018 / Accepted: 24 November 2018 / Published online: 18 December 2018

© The Author(s) 2018

Abstract Since the LHCb collaboration announced the

—

observation of the doubly charmed baryon E/F, a series
of studies of doubly heavy baryons have been presented. In
this work, I analyse the non-leptonic weak decays of doubly
heavy baryons Ej. and €2, under the flavor SU (3) symme-
try. I mainly focus on the W-exchange diagrams, which will
contribute to the decay channels with final states are light
meson and light baryon. These channels would be helpful
for searching for Ep. and 25, at LHC. And these channels
and relations of corresponding decay widths could be exam-
ined by the future experimental facilities such as LHC, Belle
IT and CEPC.

1 Introduction

Quark model [1-4] has predicted the existence of doubly
heavy baryons, while experimentally search for these states
has been for a long time [5—13]. In 2017, the LHCb collabo-
ration has announced the observation of the doubly charmed
baryon EZ" with mass m g+ = (3621.40 £0.72 £0.27 =
0.14)MeV via the weak decay Ef " — ATK ~mtn™ [14].
There is no doubt that this landmark discovery will make a
substantial impact on both theoretical and experimental sides.
Based on this, more experimental observations of the weak
decays of doubly heavy baryons are expected, and in the
meanwhile, more theoretical and phenomenological efforts
are also needed.

The flavor SU (3) symmetry is an effective way to deal
with the exclusive decays of hadrons, especially for heavy
mesons [15-19] or heavy baryons [20-34], which are difficult
to analyse through the factorization theorem (Refs. [35-42]
for heavy mesons and Refs. [32,43-50] for baryons). This
method provides an opportunity to obtain the informations
(such as branching fractions, decay widths, etc.) of a series
of decay channels once one or a few of them be measured.
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And if enough experimental data are available, we can extract
the SU (3) irreducible amplitudes, and check them with the
results calculated in other approaches such like factorization
[48,51-58]. Moreover, we can introduce several nonpertur-
bative parameters to describe the amplitudes and phases in
the SU (3) irreducible amplitudes, global fit these parameters
by the measured data, and then we can make predictions for
decay widths, CP violations of relevant channels. Therefore,
we will use the flavor SU (3) symmetry method to investigate
the non-leptonic weak decays of doubly heavy baryon Ej.
and Qp,.

This work is an extension and supplement of a series of
previous work. References [22] and [59] have analysed the
weak decay of doubly heavy baryons E.¢ p¢ pp and QLce pe bb
respectively, and presented the decay amplitudes and rela-
tions of decay width for the semi-leptonic and non-leptonic
processes. Beyond that, the W-exchange diagrams, which are
not covered in the previous papers, will be considered in this
work. These diagrams are mainly contribute to the channels
whose final-state is a light meson and a light baryon. The
contributions from the SU (3) singlet 1 and ¢ are also con-
sidered. In addition, a number of relevant literatures about
the weak decays of doubly and triply heavy baryons is listed
here: [23,60-63].

The rest of this paper is organized as follows: A briefly
review of the presentations for various hadrons in flavor
SU(3) symmetry will be presented in Sect. 2. In Sect. 3,
I will analyse the W-exchange cases for the Ep. and Q2
decays, and list the decay amplitudes for each decay modes.
In Sect. 4, I will list the golden channels which can be used
to discover the corresponding doubly heavy baryons. And a
short summary will be presented in the last section.

2 Particle multiples

In this section, I will begin with a brief review of the represen-
tations for hadron multiplets under the flavor SU (3) group.
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Doubly heavy baryons Ep. and 25, can forman SU (3) triplet
Tpe = (E}j'c(bcu) “bc(de) Q (bcs))T with the quantum
number of total spin and parity J 7 =1/2%.

The light baryons form an SU(3) octet and a decuplet,

with the expression of the octet
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For the light mesons, pseudoscalar mesons form an SU (3)
) = n1 and an octet expressed as

singlet M I(P

(P) _
Mg =

10, 1 + +
AT T s T K
- _1_0 1 0
b4 ﬁ” +\/g778 K
- 0 _2

K K NG

In particular, it should be noticed that there exists mixing
between the flavor eigenstate (177, ng)” and the physical state
(n, n)T if the flavor SU(3) symmetry is broken, while we
do not take this into account in this work.

@ Springer

Similarly, the light vector meson singlet and octet can be

written as M](V) = ¢ and
1 0, 1 + *+
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3 Non-leptonic Z ;. and 25, decays

The weak decays of the mixed doubly heavy baryons Ep
and Q. can be categorized as three cases: charm and bot-
tom quark decays, and W-exchange between the charm and
bottom quarks. The quark-level transitions of b and ¢ quark
decays are

c— dsu, c¢— sdu,

b — cud/s,

¢ — ddu,
b — ccd/s,

c — ssu,

b — ucd/s, b— q19293,

&)

with g1 » 3 being light quarks. At hadron level, we can obtain
the Ep, and Q. decay channels from E.. and .. decays
with the replacement of T, — Tpe, To — Tp and D — B,
and from Epp;, and Qpp, decays with Ty, — Tpe, Ty — T, and
B — D. Therefore, it is easy to obtain the results for » and
¢ quark decay channels from Ref. [22] and not necessary to
repeat them here.

For the W-exchange channels, the effective Hamiltonian
of the bc — ugq transition is

G
Her = T;VubVCZ[ClOl + COs] + hec., (6)

where ¢ = d,s and Vyp, V., are CKM matrix elements.
O; (i = 1,2) is a four-quark operator in the quark-level
effective Hamiltonian and C; is the corresponding Wilson
coefficient. The specific forms of the four-quark operators
are O = uay"(1 = y5)bpgpyu(l — ys)ce and Oy =
itgy* (1 = y5)baqpyu (1 — ys)cg, with the color indices o
and 8. The transformation of the operators under the flavor
SU(3) symmetry as 3 ® 3 = 6 @ 3, so the light quarks
form the 3 and 6 representations. The anti-symmetric tensor
Hé’ and the symmetric tensor Hg have the following nonzero
components

HHU = —(H)PY = v, v, "
(He)"™? = (He)®! = Vip V3 ®
and

(H:_;/)[l?a] — _(H:_;/)[31] = uch*s’ ©



Eur. Phys. J. C (2018) 78:1024

Page 3 of 10 1024

b u b u c d/s
D fle § o D 0
b u
) (=
) 0 CE
(a) (b) (o) (d)

Fig. 1 Feynman diagrams for W-exchange. The first three diagrams
exhibit that light meson SU (3) octet in the final state while the last one
shows the SU (3) singlet. If the final state u quark replaced by c, these

(He)"3' = (He) BV = v, V2 (10)

for the transitions bc — ud and bc — us, respectively.
Feynman diagrams for these processes are given in Fig. 1, one
should notice that the final states only contain light quarks.
Thus at hadron level, the final state should be a light baryon
and a light meson.

3.1 Decays into a light octet baryon and a light meson

If the light baryon in the final state is octet, the effective
Hamiltonian at hadron level can be constructed as

Hepr = a1(The)' €ijx (Ty)} My (H5)!™)

+ ax(Tye) € (T My (HZHU"

+ a3 (Tye) " €ijx (T)f My ()1

+ay(The) € (T)f M;) (Hg) "™

+as(Tpe)' €1 (Ts)| M, (He) V")

+ag(Thoe)"€ijx (T M, (He) V!

+a7(The) €k (Ty)[ (H)VI M),

+ag(Tpe)' € (Ts); (He) V' My, (11
in which the coefficients aj~g are SU (3) irreducible ampli-
tudes. aj~¢ denote the channels with final state mesons are
SU (3) octet, whose Feynman diagrams correspond with the
first three diagrams in Fig. 1, and ay~g denote the SU(3)
singlet cases and relevant to the last diagram.

Decay amplitudes for different channels are obtained

by expanding the above Hamiltonian and are collected in

Table 1. From these amplitudes, we can find the relations for
the decay width in the SU (3) limit:

L&), — A%7") =2r(&), — A7),
rg), — 2% =rE) - =*2%,
Ny, — 2Tk =2r(Q). - x°k9,

rQ). — 2 xt) =2rQY), - %9,

diagrams will contribute to an SU (3) triplet, and have been contained
in the b — g1g2g3 cases. So that will not be covered again here

T(Ef, — =tn) = (). — %)

= —V2I(E). — =%)). (12)

It should be noted that above relations for decay widths are
only applicable under the flavor SU (3) symmetry, in which
the mass differences between final state hadrons have been
ignored. And these results will be modified when considering
the kinematic corrections of the final phase space.

Except for the light pseudoscalar meson, we also investi-
gated the light vector meson in the final state. Pseudoscalar
meson and vector meson have the same quark constitutions,
but with different quantum numbers. They have same effec-
tive Hamiltonian in Eq. (11), so we can easily get the decay
amplitudes for light baryon and vector meson by replacing
the final state mesons 7 — p, K — K* and n — o.
The decay amplitudes for corresponding channels are listed
in Table 2, with the following relations for decay width in
SU(3) limit:

T(gf — A% ™) =21 (&), — A%,
Q). — TTK*) =21 (@), — n°K*%),
L@, — 27 ph) =2r), — 2%,
I8}, — %" =T(E; - =7p"),
T(Ef — TT¢) =T(Q). — E')
= —V2I'(E). — =%). (13)

3.2 Decays into a light decuplet baryon and a light meson

The effective Hamiltonian for the decays of E.. and 2, into
a light decuplet baryon and a light meson can be written as

Hers = b1(Tpe) (T10)ijx M (HHH!
+ bZ(Tbc)i(Tlo)ijlek(Hé){kl}
+ b3(Tbc)l(Tlo)ijkM,-l(Hﬁ){jk}
+ ba(Tye) (T 10)ij5 M (He) M, (14)
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Table 1 Amplitudes for Ep. and €25, decays into a light baryon (octet) and light pseudoscalar meson

Channel Amplitude Channel Amplitude

E;rc — A0zt —% (2a; — ay — a3 + 2a4 + as — 3ae) Vup V. EZC — A0kt —ﬁ (a1 —2a3 — 2a3 + ag + 2as) Vi, V7
Ef — xtx0 % (a2 + a3z — as — ag) Vup V3 Ef — =TKO (a1 —as) Vp V¥,

E;;C — X g —ﬁ (2ay —az — a3 — 2a4 + as + ag) Vip Vi EZL — X0zt —% (a2 + a3 —as —ag) Vup, Vi

g, — 20k %(“l + a4 — 2a6) Vup V}; g/ — pn° %(fll —ay — a3 — a4 +as +ag) Vi VY
g/ — pK° — (a1 — az) Vup V% g — pns — @ +a+az —as—as —ag) Vi Vy
EZ'L — nnt (ay —apy —az +ag + as — ag) VubVLfil E;’C — 20kt — (a1 —ay —az +as + as — ag) Vup Vi
Egc — A070 ﬁ (2ay — az — a3 + 2a4 + as — 3ae) Vup Vi Egc — AYKO —% (a1 —2ay — 2a3 — ag — 2as) Vup V3
g9 — A%g t (day — 5ay + a3 — 3as + 3ag) Vup Vi g) > xtn- (a3 — ag) Vup V%

g) — %070 —3 (a2 — a3 —as +ae) Vup VJ; g) — x0k° —% (a1 — as + 2a) Vip V5,

“2(: — 20ng ﬁ (2ay —a» — a3 — 2a4 + as + ag) Vup Vi Egc - Xt — (ap —as) Vup V%

g). > KT (a1 + as) Vup V% E). — pm (a1 —ay — ay — ay — as + ag) Vap V7,

Egc — pK~ (a1 —ar —asg —as) Vip Vi Egc — nn —% (a1 —ay —az +as —as — ag) ViV
Ep. — nk° — (a2 +as) Vup V3, ). — nng — L (@ + @y +ay +ay + as + ag) Vi VY
g) - 8 Kt (a1 —az + as + as) Vi V3 g). — g%k (a3 + as) Vup Vi

Qgc — A0z0 % (ag — as) Vung’; Qgc — AOKO ﬁ (a1 +ax + a3 — a4 + as + 3ae) Vip Vi
Qgc — Ang % (a1 + az —2a3) Vi, V) Qgc — Xtg- — (a1 —ay —ag —as) Vp V3

92c — XtK~ — (a1 —ax — a3z —as —as + ag) Vup, Vi Qgc — 3070 — (a1 — @) Vup VY

Q) — x0K° 75 (a1 —ay — a3 — ay — as + ag) Vup Vi Q). — x%s — 75 (as + as — 2ae) Vur V5

Q) -z xt — (a1 — a2 + as + as) Vi V5 Q). — pk~ — (a3 — ae) Vup V)

Q) — nk° — (a3 +as) Vur V5 Q) — Bt — (a1 + as) Vup V%

Q) — B K* (ar — as) Vup V¥ Q). — %0 75 (a1 +aa) Vip V55

Q). — g'k° (a2 + as) Vup V5 Q). — %4 % (a1 — 2ay — 2a3 + ay — 2as — 2ae) Vup Vi
gL~ =t (a7 —ag) Vup V5 gL — pm — (a7 — ag) Vup V%

g9, — A% ﬁ (a7 + 3ag) Vup V5 gy — =0 f% (a7 — ag) Vi V2%

Egc — nny — (a7 +ag) Vup VY Qgc — A% \/gm Vi VY

Q). — 2%, —V2agVup VY, Q). — % (a7 + ag) Vip V3

in which b;~3 denote the cases final state mesons are SU (3)
octet while b4 denotes the singlet cases. The corresponding
Feynman diagrams have been exhibited in Fig. 1.

Expanding the above Hamiltonian, we will obtain the
decay amplitudes in Table 3, which leads to the following
relations of the decay width:

rEY) - 27 =rE). - 27Kk"
=I(Q). > & 7t
=2r(Q), - 8°7°
1
= gr(szgc - Q7K
rE) - 2 KH=r@Q). - 87k
=T(Q). - ¥

@ Springer

1 _
= gr(agc — A7),
rE), - 2"k% =r©), — °k"%
=), > XF77)
1 _
= gr(ajc — AT,
I8, - ATKY) =T(E). —» ATK")
=r(g). - A’K?)
1 _
= 5F(E;;C — ATTK™),
r(g}, — 2" 7% =r(Ef, - =71
1
— EF(E;;C — 89k,

1
(g} — k™) = zr(s,jc — A%,
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Table 2 Amplitudes for Ep. and €2, decays into a light baryon (octet) and light vector meson

Channel

Amplitude

Channel

Amplitude

=t 0,+
Ep — Ap

—ﬁ ay — ay — az + 2a4 + as — 3ae) Vip Vi
% (a2 +az —as —ag) Vup V3
—ﬁ (2ay — ay — a3 —2a4 + as + ag) Vip Vi

% (a1 + a4 — 2a6) Vup V)

g, — pk** — (a1 —ag) Vup V3

Epe = ot (a1 — ay — a3 +aq + as — ag) Vup V2
), — A" ﬁ (2ay — ay — a3 + 2a4 + as — 3ae) Vip V;;
g). = Ao L (4ay — 5a + a3 — 3as + 3ag) Vup V7,
Ep. — 2%’ —1 (a2 — a3 —as + ag) Vi V;

Ep — T 545 Qar —ay — a3 — 244 + as + o) Vi Vs
B > DK (a1 +as) ViV

g — pK*~ (a1 — az — ag — as) Vg VE

g). — nk*0 — (a2 + as) ViV

Ep. — ETK* (a1 —az +as +as) Vup V§

. — A%’ ﬁ (ag — as) Vup V3

Q) — Ao 1 (a1 + a2 — 2a3) Vip V5,

Qgc—> >tK* — (a1 —ay —a3 —as —as +ag) Vip Vi
Qgc_) 50K %(al —ay —az —as —as + ag) Vi Vi
Q) > T7p" — (@1 —ay +as +as) Vip V.

Q. — nk*0 — (a3 +a6) Vur Vi

Q) — 8 K" (a2 —as) Vup Vy

Q). — 8K (a2 +as) Vup Vy

8y~ T (a7 — ag) Vup V35

). — A% ﬁ (a7 + 3ag) Vup VE

Ep. — n¢ — (a7 +ag) Vup V)

Q). — 2% —V2a3Vip V¥

=+ 0 g+
Ep — A'K
Ef - =Tk

Ef — 20t

€y — po°
EZ’L — pw
B — 80Kkt
gp, — A'k*0
gy, —> xtp
ch N ZOK*O
g). -z pt
E). — po~
Egc — n,o0
320 — nw
gy, — B0k*0
Q). — Ak
Q) — =tp
Qgc — Eopo
926 N )
Q) — pK*~
Q) — a8 pt
Qgc — Eopo
Q) — 2
. — po
g). — 2%
Q) — A%

Q). — 2%

—ﬁ (a1 — 2az — 2a3 + a4 + 2as) ViV
(a1 —aq) Viw V)

—% (a2 + a3 —as —ag) Vup, Vi

% (a1 —ay —a3 —ag +as +ag) Vup V3
—% (a1 +ax +a3 —as —as —ag) Vup VY
— (a1 —ay — a3 + a4 +as —ag) Vup Vi
—% (a1 —2ay — 2a3 — ag — 2as) Vup V3
(a3 — ag) Vup V3

—% (a1 — a4 + 2a6) Vup V)

— (a2 — as) Vip V;

(a1 —ar — a3 — a4 — as +ag) Vup V)

—% (a1 —ay —az +as —as — ag) ViV
—Jg (@1 +ay +as +as + as + ae) Vup Vi
(a3 + ag) Vup V3

ﬁ (a1 + az + a3 — a4 + as + 3ae) Vip V/;
— (a1 —ax —aq — as) ViV

— (a1 —a2) Vup VY

—% (ay + as —2a6) Vup V;

— (a3 — ag) VbV

— (a1 +a4) Vup V35

75 (a1 +aa) Vip V55

% (a1 — 2ap — 2a3 + as — 2as — 2ag) Vup V.
— (a7 —ag) Vup VY

— 75 (a1 —ag) Vup V5

\/ngu;,Vc’z,

(a7 +ag) Vup V3

1 _
r(g), — 2%k% = zr(agc — Atr),

re). — £%k% = %F(Qgc — ¥TK),
I(8). — ¥ n7) =T(E). — 8°KY),
r@), — A’k% =r@), - ATK"),
rQ). — 2 n7) =1, — 2°k9,
T(Ef — ATn) =T (E), — A%n)
= V2r(Q). - =),
T(Ef — =y =T(Q). — %)

=V2r(8), — =%)). (15)

And by replacing the pseudoscalar mesons into corre-
sponding vector counterparts, we can list the decay ampli-

tudes for these channels in Table 4 with the following rela-
tions for some of the decay widths:

T(EY), — = ph) =T(E), - 8~ K*)

= F(Qgc — 87 p")

=2r(Q), — g%

[x]

1
= gr(szgc — Q7 K*h),

[(E). — 7K' =T(Q), - E~K*)

=T(Q). - X ph

1 -
= 5r(sgc — A"ph),

(Ef — 2Tk =1 (Q), - 8°k*)

=T(Q). > X p)
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PAay (5q — éw,\f W04V < g CAVA (29 + 19) AV <0 PADA (29 + 1) _d, v <5
opmrdury [puuey) opmrdury [ouuey) opmdury [ouuey)

uosaul 103994 1y31| pue (39[dnoop) uoAreq y3i| € ojul sAedIp 2975 pue 4= 10j sopmidury  § IqeL,
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1 _
= gr(ajc — ATTp7),

T(Ef — ATK*) =T(8), — ATK*)

=T(8). - A’K*0)

= %F(EZC — ATTK*),
[(Ef — ' p% =T(E} - %"

= %F(EZC — 8°Kk*),

1
r(g), — 2k*h) = Er(a,‘j — A0ph),

c
r'(g). — k) = %r(agc — ATp7),
rQ). — 2%k = %F(Qgc — YTK*),
rE) — " p7) =r(E). - 2°k*),
rQ), — A’K*0) =1 @), - ATK*),
rQ), — o' p7) =1, - g%k,
[(E), — AT¢) =T(8), — A%)
= V2r(Q), — £0¢),
T(Ef — ©'¢) =T(Q), — ')
=V2r(8), - 57¢). (16)

4 Golden decay channels

Based on the previous results of decay amplitudes and rela-
tions of decay width, we will list the golden channels in this
section, according to the following conditions:

e CKM matrix elements: Note that the decay amplitudes in
previous analysis contain a overall CKM factor V,, V%, or
Vb V., in which the matrix element V.4 ~ 0.2 is much
smaller than Vs ~ 1[3,4]. Only the CKM allowed decay
channels for Ep. and 25, will be considered.

e Mesons: In terms of the experimental observations, the
final neutral mesons, such like 7°, n, ¢, ,oi (decay into
7tn0), K*+ (decay into K*7% and w (decays into
n*n’no) are difficult to reconstruct at LHC, so the
decay modes related with these final state mesons will
be ignored.

e Baryons: For reconstructing the final state baryons, the
primary decay modes of them with corresponding frac-
tion are listed in Table 5 [3,4]. Similarly to above, by
throwing away whose final state contains neutral parti-
cles, A%, 20 8=, AT+ A® '+ and E"° are all optional
candidates.

e Detection efficiency: By considering the particle detec-
tors in LHC, the detection efficiency of proton is higher

@ Springer

Table S Primary decay modes of light baryons

Decay modes (fractions)

A% = pr~ (~ 63.9%) V4

>t — pa¥/nnt X

>t = nn~ x

20 — A% (~ 100%) Suppressed
20 > A0x0 X

E- = A%~ (~99.9%) Suppressed
AT — prT (~99.4%) Vv

At — prO/nmt X

A® — pr~ (~99.4%) Vv

»E > A0z (~ 87.0%) Suppressed
g0 - B0%7%x)/8nt Suppressed
B~ — 8 7% 8%~ X

Q™ — AOK~ (~ 67.8%) Suppressed
Table 6 Allowed decay channels of Ej. and 2,

Channel

g, > Azt Bf - 3%t Bl - pk® E) — pKk-

820 . gkt =t pK*0 20 A0 730 5 30,0

\

“bc = “be “be “bc
=t - =t 20+ =0 0£0 =0 o —
8, > ATTKT g, — EYK g, —> AK 8, > 2"
=0 I—_+ =0 =/0 0 =+ + .0 =0 0 0
g, —> X g, — BVK g, —X"p g, — A'K
be be bc bc
Eg - E/OK*O
¢
Q) AR Q) & sORY Q) s oEat Q) APRH

Q) — 20k Q) > wrkT Q) -kt Q) — E9)°

than charged pion, and charged pion is higher than pho-
ton. And for the cascade decays, with the numbers of final
state particles increasing, the detection efficiency of the
detectors will necessarily decline. Moreover, the multi-
body phase space will be suppressed with the increase of
final state particles.

To sum up, by considering the above factors, we list the
all allowed decay channels of Ep, and 2. (include the sup-
pressed ones) in Table 6. Among these channels, Epc — pK
or Epe > AK — pm K might be used for searching &,
and Q5. — A°K might be used to search for Q. at LHC.

5 Conclusions

In this work, I analysed the non-leptonic weak decays of
doubly heavy baryons Ep. and . under the flavor SU (3)
symmetry. Based on a series of previous achievements, I stud-
ied the W-exchange diagrams, which mainly contribute to
the decay modes of final states are light baryon and light
meson. These modes would be helpful to search for Ep,
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and . in the experiments. In the flavor SU (3) symmetry
approach, decay amplitudes for various decay channels can
be parametrized as the sum of a series of SU (3) irreducible
amplitudes. And based on this, a number of relations or sum
rules between the decay width have been presented, which
can be examined by the future experimental measurements
in LHC, Belle IT or CEPC. Several decay channels have been
listed such like Ep, — pK, Epe — AK — prK and
Qpe — AYK, which might be helpful to search for Ep. and
Qpc especially at LHC, since their branching fractions are
sizeable, and the productions are easily to identify.
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